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Due to the pristine interface of the 2D/3D face-tunneling heterostructure with an ultra-sharp doping profile, the 2D/3D
tunneling field-effect transistor (TFET) is considered as one of the most promising low-power devices that can simultane-
ously obtain low off-state current (IOFF), high on-state current (ION) and steep subthreshold swing (SS). As a key element
for the 2D/3D TFET, the intensive exploration of the tunnel diode based on the 2D/3D heterostructure is in urgent need.
The transfer technique composed of the exfoliation and the release process is currently the most common approach to fabri-
cating the 2D/3D heterostructures. However, the well-established transfer technique of the 2D materials is still unavailable.
Only a small part of the irregular films can usually be obtained by mechanical exfoliation, while the choice of the chemical
exfoliation may lead to the contamination of the 2D material films by the ions in the chemical etchants. Moreover, the defor-
mation of the 2D material in the transfer process due to its soft nature also leads to the nonuniformity of the transferred film,
which is one of the main reasons for the presence of the wrinkles and the stacks in the transferred film. Thus, the large-scale
fabrication of the high-quality 2D/3D tunnel diodes is limited. In this article, a comprehensive transfer technique that can
mend up the shortages mentioned above with the aid of the water and the thermal release tape (TRT) is proposed. Based on
the method we proposed, the MoS2/Si tunnel diode is experimentally demonstrated and the transferred monolayer MoS2
film with the relatively high crystal quality is confirmed by atomic force microscopy (AFM), scanning electron microscopy
(SEM), and Raman characterizations. Besides, the prominent negative differential resistance (NDR) effect is observed at
room temperature, which verifies the relatively high quality of the MoS2/Si heterojunction. The bilayer MoS2/Si tunnel
diode is also experimentally fabricated by repeating the transfer process we proposed, followed by the specific analysis of
the electrical characteristics. This study shows the advantages of the transfer technique we proposed and indicates the great
application foreground of the fabricated 2D/3D heterostructure for ultralow-power tunneling devices.
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1. Introduction
The 2D/3D tunneling field-effect transistors (TFETs) are

of great interest in recent years due to their excellent poten-
tials for future ultralow-power applications.[1–3] The 2D/3D
TFET combines 3D bulk materials as the source and 2D mate-
rials as the channel. Thus, the doping technology restriction in
2D materials, which is a currently dominant constraint for the
2D/2D TFET performance enhancement, can be effectively
broken through by the mature and stable doping technology
in 3D materials.[2,4] Meanwhile, the pristine interface of the
2D/3D heterostructure due to the dangling-bond-free interface
of the 2D material significantly suppresses the trap-assisted
tunneling process (TAT) induced by interface traps, which is a
Gordian knot of III–V heterojunction TFETs and leads to the
relatively high off-state current (IOFF) and subthreshold swing
(SS).[5,6] Moreover, the atomically thin channel enhances the
electrostatic control over the entire tunneling junction for ul-
trasteep subthreshold switching.[4] Due to the existence of the
van der Waals gap at the interface, the ultrasharp doping pro-
file is available for the 2D/3D tunnel heterostructure, which

improves the tunneling efficiency and increases the on-state
current (ION).[1,4] The vertically stacked 2D/3D heterostruc-
ture is an important guarantee for the realization of the face-
tunneling mechanism, which greatly increases the effective
tunneling area and enhances the gate control over the tunnel
junction.[4–6] Therefore, the higher ION and the steeper SS are
obtained compared with the traditional point-tunneling mech-
anism. Consequently, steep subthreshold swing, large on-state
current, and small off-state current can be obtained simultane-
ously in the 2D/3D TFETs.

The tunnel diode based on the 2D/3D heterostructure as a
key element for the 2D/3D TFET is necessary to be intensively
explored. The transfer technique is currently the most com-
mon method to fabricate the heterojunctions based on the 2D
materials, which can be generally divided into two categories
— mechanical transfer and chemical transfer, according to the
different exfoliation processes.[1–4,7–10] The mechanical trans-
fer relies on the mechanical force to lift off the 2D materials
from the original growth substrates and release the lift 2D ma-
terials onto the 3D bulk material substrates. By this method,
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only a small part of the irregular films can be usually lifted
off and transferred onto the target substrates. The small and
uncontrollable film area limits the large-scale fabrication of
the 2D/3D heterojunction diodes.[1–4,7] The chemical transfer
process leverages the etching of the original growth substrates
by the hazardous chemical etchants to exfoliate the 2D mate-
rials and release the lift films onto the target substrates. The
poly(methyl methacrylate) (PMMA) is generally spin-coated
on top of the 2D material to act as the protective barrier and
help deal with the ultrathin 2D material film. However, the
deformation of the PMMA/2D material assembly is greatly
common in the transfer process due to the soft nature of the
assembly, leading to the presence of the observable wrinkles
and the stacks in the 2D material.[9,10] The performance of the
2D/3D heterojunction is possibly affected by the nonunifor-
mity of the film. In addition, the new growth substrates are in
demand to support the growth of the high-quality 2D materi-
als for the next transfer process due to the dissolution of the
growth substrates by chemical agents during the lift off, which
greatly increases the manufacturing cost.[8–10] Moreover, the
quality of the 2D materials is possibly affected by the ions in
the etchant solution, which is a main factor of the degradation
of the 2D/3D heterojunction performance.[8–10] Therefore, a
comprehensive transfer technique that can mend up the short-
ages of the main methods mentioned above without hurting
the benefits is still in urgent need for the development of the
2D/3D tunnel diodes.

In this paper, a low-cost transfer technique that can si-
multaneously realize a complete lift off and release of the uni-
form 2D material films and eliminate the degradation of the
2D material quality due to the ions in the chemical etchants
is proposed. The MoS2/Si 2D/3D tunnel diodes are exper-
imentally demonstrated by the method we presented. Fur-
thermore, the relatively high crystal quality of the transferred
monolayer MoS2 films stacked on the Si substrates is con-
firmed by atomic force microscopy (AFM), scanning electron
microscopy (SEM), and Raman characterizations, followed by
the evaluation of the electrical characteristics. The promi-
nent negative differential resistance (NDR) effect is observed
at room temperature, which can be attributable to the energy

band alignments between the N−-doped MoS2 films and the
P+-doped Si substrates. The bilayer MoS2/Si tunnel diode is
also fabricated by repeating the transfer process we proposed,
followed by a further analysis of the electrical properties. Ad-
ditionally, the impact of the MoS2 film bulk resistance and
the contact resistance on the electrical properties of the tun-
nel diodes is analyzed and the quality of the MoS2 electrical
contact is estimated by the transfer length method (TLM) ap-
proach.

2. Device structure and fabrication
The schematic device structure of the MoS2/Si 2D/3D

tunnel diode is exhibited in Fig. 1(a). It is worthwhile to point
out that sulfur vacancies are identified as the dominant de-
fects in the MoS2 films due to the extremely low formation
energy.[11–13] As a result, the MoS2 film commonly shows the
feature of the n-type semiconductor resulting from the struc-
tural defects.[11–13] The P+-doped Si substrate is designed to
be located beneath the MoS2 film to form the PN junction. The
2D/3D heterostructure composed of dissimilar layers stacked
in the vertical direction is the critical building block for the
future fabricated 2D/3D face-tunneling FET.

The basic steps of the process flow for the MoS2/Si
2D/3D tunnel diode are shown in Fig. 1(b). The Si (100) wafer
with the doping concentration of 1×1020 cm−3 is firstly pre-
pared. After defining the isolation region by photolithogra-
phy, the trenches are formed by the standard silicon etching
process. SiO2 is subsequently deposited by plasma-enhanced
chemical vapor deposition (PECVD), followed by chemical
mechanical polishing (CMP) to expose the silicon surface.
The monolayer MoS2 is immediately transferred onto the Si
substrate as soon as the oxide on the Si surface is etched,
which is an important guarantee for the high-quality MoS2/Si
tunnel junction. Further details of the transfer process will be
noted in the next paragraph. The MoS2 region patterning is
conducted by ion beam etching (IBE). Finally, the Ni/Ti/Au
metal electrodes are sequentially formed by lithography, elec-
tron beam evaporation and lift-off process. Figure 1(c) also
gives the optical microscope image of the fabricated MoS2/Si
tunnel diode.
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Fig. 1. (a) Schematic cross-sectional view of the MoS2/Si 2D/3D tunnel diode. (b) Process flow for the fabrication of MoS2/Si 2D/3D tunnel
diode. (c) Optical microscope image of the fabricated MoS2/Si 2D/3D tunnel diode.
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Fig. 2. The details of the transfer process to lift off the monolayer MoS2 and release the film onto the Si substrate.

The transfer process is schematically exhibited in Fig. 2.
The monolayer MoS2 is synthesized on the sapphire substrate
by using chemical vapor deposition (CVD), which is a com-
mon choice for the high-quality MoS2 film.[10,14] The PMMA
is spin-coated on top of the monolayer MoS2 film and baked
at 100 ◦C for 1 min. The PMMA/MoS2/sapphire assembly is
subsequently dipped in hot water (∼ 70 ◦C) at a feeding angle
of 45◦ with respect to the water surface. It has been demon-
strated that the PMMA and the MoS2 film are hydrophobic,[15]

while the sapphire substrate is hydrophilic.[16] Therefore, the
water molecules can easily penetrate underneath the mono-
layer MoS2 film, which significantly weakens the adhesion
between the sapphire substrate and the MoS2 film. An angle
of 45◦ is also designed to enhance the water penetration effi-
ciency. As the small edge separation between the MoS2 and
the sapphire substrate is observed, the PMMA/MoS2/sapphire
assembly is taken out of the water. A thermal release tape
(TRT) that acts as the supported membrane is then attached
firmly on the PMMA. Next, the complete TRT/PMMA/MoS2

assembly can be lifted off from the sapphire substrate and in-
stantly transferred onto the Si substrate. After that, the trans-
ferred assembly is baked on the hot plate (∼ 140 ◦C) for
30 min to remove the TRT and strengthen the attachment be-
tween the monolayer MoS2 and the Si substrate.[1] The fi-
nal step of the transfer process is dissolving the PMMA with
acetone.[17]

The transfer technique we proposed is generally appli-
cable for the vast majority of the 2D materials. This is
because most of the 2D materials, such as TMDs[15] and
graphene,[18] are hydrophobic. In contrast, the single crys-
talline sapphire is hydrophilic, which is a commonly selected
substrate for the growth of the 2D materials due to its atom-
ically smooth surface.[8,19] As a result, the penetration of the
water molecules between the 2D materials and the sapphire

substrates can be universally employed to weaken the adhe-
sion at the interface, followed by the complete exfoliation pro-
cess with the help of a TRT. Since the TRT functions as the
supporting layer, the deformation of the PMMA/MoS2 assem-
bly due to its soft nature is significantly mitigated during the
transfer process. The transferred film retains its uniformity
and thus, the degradation of the 2D/3D heterostructure perfor-
mance caused by the wrinkles and the stacks of the 2D ma-
terial film can be eliminated to a large degree. Moreover, the
transfer process minimizes the mechanical force with the aid
of the water and the TRT and the complete 2D material films
[Fig. 3(a)] instead of the small irregular films can be trans-
ferred onto the target substrates. Thus, the limitation on the
large-scale fabrication of the 2D/3D tunnel diodes and TFETs
can be overcome by means of the transfer technique we pro-
posed. Furthermore, as an etchant-free transfer technique, the
original growth substrates will not be etched by chemical solu-
tions and can be recycled and reused to grow the high-quality
2D materials. Thus, a lower manufacturing cost can be ob-
tained. Meanwhile, the degradation of the 2D material quality
due to the ions in the chemical etchants can be eliminated and
the 2D/3D heterojunction can keep its pristine state, which
is an important guarantee for the performance of the 2D/3D
diodes and TFETs.

3. Results and discussion
The thickness of the MoS2 film is around 0.7 nm con-

firmed by AFM measurement [Fig. 3(b)] before the transfer
process, which indicates the fact that the synthesized MoS2

film is a monolayer.[20] A SEM image of the sample after the
transferred MoS2 film patterning is given in Fig. 3(c). In con-
trast to the visible damages arising from the traditional trans-
fer technique,[1,4] the film transferred by the method we pro-
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posed appears to be very smooth and clean with no observ-
able cracks, wrinkles and voids. Figure 4(a) is the Raman
spectra collected from the transferred MoS2 film. There are
two characteristic peaks (E1

2g and A1g) located at 385 cm−1

and 405 cm−1, respectively, corresponding to what was pre-
viously reported for the monolayer MoS2.[21] Moreover, the
frequency difference ∆k between the two peaks is around
20 cm−1, which is consistent with the feature of monolayer
MoS2, further demonstrating the fact that the MoS2 film re-
mains a monolayer after the transfer process.[21] Additionally,
the full-width at half-maximum (FWHM) of the E1

2g peak,
which is considered as an indicator to evaluate the crystal qual-
ity, is around 5.3 cm−1. The similar result compared with
what has already been reported[22] suggests that the transferred
monolayer MoS2 remains relatively high crystalline quality.
The Raman characterization of the three points randomly se-

lected in the transferred monolayer MoS2 film (black square)
is shown in Fig. 4(b). The similar Raman spectra of the se-
lected points (details shown in the inset) are observed in the
rocking curves, which exhibits the uniformity of the film after
the transfer process. This is because the deformation of the
PMMA/MoS2 assembly is significantly mitigated with the aid
of the TRT in the transfer process and thus, the wrinkles and
the stacks can rarely exist in the MoS2 film. In contrast, the
deformation of the assembly leads to the nonuniformity of the
transferred film under the condition in the absence of the sup-
ported membrane (TRT). As a result, the signal intensity of the
three points randomly chosen in the transferred MoS2 film is
irregularly greater (red circle), indicating the presence of the
wrinkles and the stacks in the film[22] that may result in the
degradation of the MoS2/Si heterojunction performance.
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Fig. 3. (a) Optical images of the sample before (top) and after (bottom) the transfer process. (b) AFM image of the MoS2 film before the
transfer process. (c) SEM image of the sample after the MoS2 film patterning.
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Fig. 4. (a) Raman spectra of the transferred MoS2 film. (b) Raman charac-
terization of the three points randomly selected in the MoS2 film with (black
square) and without (red circle) the aid of the TRT after the transfer process.
The inset shows the detailed Raman spectra of the chosen points in the MoS2
film (black square) after the TRT-assisted transfer process.

The electrical characteristics of the fabricated tunnel
diode is shown in Fig. 5(a). Figure 5(b) gives the zoomed-in
view of the electrical characteristics in the forward bias region.
When the tunnel diode is biased in the reverse region, the Zen-
ner tunneling current across the MoS2/Si heterostructure dom-
inates and accordingly increases with the voltage bias, con-
sistent with what was previously reported.[20] As the tunnel
diode is biased in the forward region, the obvious NDR effect
[Fig. 5(b)] is observed at room temperature, which is a charac-
teristic feature of the band-to-band tunneling (BTBT) in tunnel
diodes.[1,4,14,20] The peak voltage (Vpeak) and the valley volt-
age (Vvalley) are around 3.15 V and 3.8 V, respectively, and
the peak-to-valley current ratio (Ipeak/Ivalley) of the diode is
around 1.31, which is higher than that in the reported MoS2/Si
and SnS2/Si tunnel diodes.[4,14]

Figure 6(a) illustrates the electrical characteristics of the
three different monolayer MoS2/Si tunnel diodes randomly
chosen in the wafer. For a more intuitive comparison, the key
parameters[4,14,20] (including Vpeak, Vvalley, Ipeak/Ivalley and the
tunneling current I at V = −1 V) are extracted from the I–V
characteristics, as shown in Fig. 6(b). The almost unchanged
electrical properties and key parameters of the different diodes
suggest the stable performance of the fabricated tunnel diodes.
The stability of the device performance selected randomly fur-
ther indicates the relatively good quality of the entire bond-
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ing interface between the transferred MoS2 film and the Si
wafer,[4,23] which benefits from the uniform and smooth trans-
ferred MoS2 films without observable breakage confirmed by
the specific analysis above.
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Fig. 5. (a) The electrical characteristics of the fabricated tunnel diode.
(b) The zoomed-in view of the I–V curve in the forward bias region (the
obvious NDR effect).

The bilayer MoS2/Si tunnel diode is also demonstrated
experimentally. It should be noted that the bilayer MoS2 film
used to fabricate the diode is formed by repeating the transfer
process we proposed and the rest of the experimental proce-
dures are the same as those in the fabrication of the monolayer
MoS2/Si tunnel diode. The electrical properties of the mono-
layer and bilayer MoS2/Si tunnel diodes are shown in Fig. 7(a).
Figure 7(b) exhibits the zoomed-in view of the forward bias re-
gion. Importantly, the NDR effect, which is demonstrated as
an indicator for the BTBT mechanism,[4,14,20] is also clearly
observed in the I–V curve of the bilayer MoS2/Si tunnel diode
(blue line). Thus, the bilayer MoS2/Si heterostructure fabri-
cated by the transfer process we proposed also displays rela-
tively excellent performance. In addition, the bilayer MoS2/Si
tunnel diode obtains a greater current compared with the
monolayer device. The increase of the current can be mainly
attributed to the larger cross-sectional area of the MoS2 film
resulting from the thicker bilayer film.[24] The specific anal-
ysis will be given in the last part of this section. Moreover,
the peak-to-valley current ratio of the bilayer MoS2/Si tun-
nel diode (∼ 1.15) is almost unchanged compared with that of
the monolayer device (∼ 1.3), consistent with what was pre-
viously reported.[20] According to the discussion above, the
MoS2/Si tunnel diode with relatively excellent performance

and controllable layer number of the film is fabricated by the
transfer technique we proposed.
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The prominent NDR behavior of the tunnel diode can be
illustrated by the energy band diagrams in detail. When the
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reverse bias is applied, the conduction band of MoS2 is pulled
down and a conductive channel opens (red arrow), allowing
the electrons in the Si to tunnel into the MoS2 as shown in
Fig. 8(a). Thus, the current is dictated by the BTBT mecha-
nism and exponentially increases with the voltage. When the
forward bias is applied, the conduction band of MoS2 is pulled
up and a finite tunneling window exists for the electrons in
the conduction band of MoS2 to tunnel into the corresponding
empty states in the valence band of Si, as shown in Fig. 8(b).
The tunneling current reaches its peak when the amount of
the corresponding available states on the Si side reaches its
maximum. Meanwhile, the influence of the reduction in the
tunneling window is gradually dominant and the quantity of

the corresponding available states on the P+-doped Si side ac-

cordingly decreases. As a result, the tunneling current starts

to drop. When the applied voltage increases, the conduction

band of MoS2 is lifted above the valence band of Si and the

electrons on the MoS2 side can no longer tunnel into the Si

side, as shown in Fig. 8(c). With the further increase of the

voltage bias, the charge carriers are able to be thermally in-

jected over the low energy barrier between the MoS2 and the

Si, as indicated in Fig. 8(d). The current begins to be domi-

nated by the thermionic current and increases with the voltage

again. In summary, the change of the current with the forward

bias gives rise to the NDR behaviour.
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Fig. 8. Energy diagrams of the MoS2/Si heterojunction at different bias conditions. (a) Reverse bias; (b) small forward bias; (c) forward bias
with the suppressed BTBT; (d) large forward bias.

As shown in Fig. 5(a), the current of the fabricated
MoS2/Si tunnel diode is not sufficient (∼nA). This is because
the relatively large series resistance composed of the MoS2

film bulk resistance and the contact resistance between the
metal and the MoS2 exists in the fabricated MoS2/Si tunnel
diode. From Ohm’s law for a semiconductor, the bulk resis-
tance is inversely proportional to the cross-sectional area of the
MoS2 film.[24] The smaller the cross-sectional area, the larger
the bulk resistance.[24] The extremely thin MoS2 thickness of
0.7 nm leads to the small cross-sectional area of the film and
thus, the bulk resistance is large. In addition, the Fermi-level
pinning (PLF) at metal/MoS2 interface significantly degrades
the quality of the MoS2 electrical contact[25,26] and the contact
resistance is up to 4.175× 105 Ω ·µm measured by the TLM
approach.[27–29] Considering the voltage-division effect of the
large series resistance, only a fraction of the voltage bias drops
across the MoS2/Si heterojunction and thus, an insufficient
current is obtained in the fabricated MoS2/Si tunnel diode. In
the future work, the transfer technique we proposed can be
employed to stack the monolayer high-quality MoS2 films and
the lower bulk resistance is obtainable arising from the thicker

film. Besides, the nickel-etched-graphene electrodes[30] or the
ultra-high vacuum metal deposition[31] can be adopted to fur-
ther reduce the contact resistance.

4. Conclusion
In this article, a low-cost and etchant-free transfer tech-

nique is proposed for the large-scale fabrication of the high-
quality 2D/3D diodes, which mends up the shortages of the
common transfer approaches. The MoS2/Si 2D/3D tunnel
diode is fabricated based on the method we proposed and the
transferred monolayer MoS2 film with relatively high crys-
tal quality is confirmed by AFM, SEM, and Raman measure-
ments. Additionally, the prominent NDR effect demonstrated
as a characteristic feature of the BTBT in tunnel diodes is
observed at room temperature, which verifies the relatively
high quality of the MoS2/Si tunnel heterojunction. The bilayer
MoS2/Si tunnel diode is also fabricated by repeating the trans-
fer process we proposed. With the exception of the obvious
NDR behavior benefiting from the good bonding heterojunc-
tion interface, the greater tunneling current is obtained due to
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the smaller bulk resistance. Finally, the impact of the MoS2

film bulk resistance and the contact resistance on the electrical
properties of the tunnel diodes is analyzed and the quality of
the MoS2 electrical contact is estimated by the TLM approach.
This study shows the advantages of the transfer technique we
proposed and indicates the great application foreground of the
fabricated 2D/3D heterostructure for ultralow-power tunneling
devices.

Acknowledgement
Project supported by the National Natural Science Foun-

dation of China (Grant No. 61851405).

References
[1] Shin G H, Koo B, Park H, Woo Y, Lee J E and Choi S Y 2018 ACS

Appl. Mater. Interfaces 10 40212
[2] Sarkar D, Xie X J, Liu W, Cao W, Kang J H, Gong Y J, Kraemer S,

Ajayan P M and Banerjee K 2015 Nature 526 91
[3] Lan Y W, Torres C M, Tsai S H, Zhu X D, Shi Y M, Li M Y, Li L J,

Yeh W K and Wang K L 2016 Small 12 5676
[4] Jia R D, Huang Q Q and Huang R 2020 Sci. China-Inf. Sci. 63 122401
[5] Lyu Z J, Lv H L, Zhang Y M, Zhang Y M, Zhu Y, Sun J L, Li M and

Lu B 2021 IEEE Trans. Electron Devices 68 1313
[6] Lu B, Cui Y, Guo A X, Wang D W, Lv Z J, Zhou J R and Miao Y H

2021 IEEE Trans. Electron Devices 68 1537
[7] Aftab S, Samiya M, Liao W G, Iqbal M W, Ishfaq M, Ramachandraiah

K, Ajmal H M S, Ul Haque H M, Yousuf S, Ahmed Z, Khan M U,
Rehman A U and Iqbal M Z 2021 J. Mater. Chem. C 9 3998

[8] Zhang Y, Zhang Y F, Ji Q Q, Ju J, Yuan H T, Shi J P, Gao T, Ma D L,
Liu M X, Chen Y B, Song X J, Hwang H Y, Cui Y and Liu Z F 2013
ACS Nano 7 8963

[9] Ji Q Q, Kan M, Zhang Y, Guo Y, Ma D L, Shi J P, Sun Q, Chen Q,
Zhang Y F and Liu Z F 2015 Nano Lett. 15 198

[10] Liu K K, Zhang W J, Lee Y H, Lin Y C, Chang M T, Su C, Chang C S,
Li H, Shi Y M, Zhang H, Lai C S and Li L J 2012 Nano Lett. 12 1538

[11] Zheng W, Lin J, Feng W, Xiao K, Qiu Y, Chen X S, Liu G, Cao W,
Pantelides S T, Zhou W and Hu P A 2016 Adv. Funct. Mater. 26 6371

[12] Zhou W, Zou X, Najmaei S, Liu Z, Shi Y and Kong J 2013 Nano Lett.
13 2615

[13] Radisavljevic B, Radenovic A, Brivio J and Giacometti V Kis A 2011
Nat. Nanotechnol. 6 147

[14] Krishnamoorthy S, Lee E W, Lee C H, Zhang Y W, McCulloch W D,
Johnson J M, Hwang J, Wu Y Y and Rajan S 2016 Appl. Phys. Lett.
109 183505

[15] Chow P K, Singh E, Viana B C, Gao J, Luo J, Li J, Lin Z, Elias A L, Shi
Y F, Wang Z K, Terrones M and Koratkar N 2015 ACS Nano 9 3023

[16] Azimi G, Dhiman R, Kwon H M, Paxson A T and Varanasi K K 2013
Nat. Mater. 12 315

[17] Lin Y C, Zhang W J, Huang J K, Liu K K, Lee Y H, Liang C T, Chu C
W and Li L J 2012 Nanoscale 4 6637

[18] Qi J L, Wang X, Lin J H, Zhang F, Feng J C and Fei W D 2015
Nanoscale 7 3675

[19] Dumcenco D, Ovchinnikov D, Marinov K, Lazic P, Gibertini M,
Marzari N, Sanchez O L, Kung Y C, Krasnozhon D, Chen M W, Berto-
lazzi S, Gillet P, Morral A F I, Radenovic A and Kis A 2015 ACS Nano
9 4611

[20] Xu K, Cai Y H and Zhu W J 2018 IEEE Trans. Electron Devices 65
4155

[21] Molina-Sanchez A and Wirtz L 2011 Phys. Rev. B 84 155413
[22] Lee C, Yan H, Brus L E, Heinz T F, Hone J and Ryu S 2010 ACS Nano

4 2695
[23] Zhang L 2016 Tunneling field effect transistor technology (New York:

Springer International Publishing) pp. 33–61
[24] Neamen D A 2003 Semiconductor physics and devices: basic princi-

ples (New York: McGraw-hill) pp. 166–167
[25] Wang X L, Kim S Y and Wallace R M 2021 ACS Appl. Mater. Inter-

faces 13 15802
[26] Liu Y, Guo J, Zhu E B, Liao L, Lee S J, Ding M N, Shakir I, Gambin

V, Huang Y and Duan X F 2018 Nature 557 696
[27] Rai A, Valsaraj A, Movva H C P, Roy A, Ghosh R, Sonde S, Kang S

W, Chang J W, Trivedi T, Dey R, Guchhait S, Larentis S, Register L F,
Tutuc E and Banerjee S K 2015 Nano Lett. 15 4329

[28] Allain A, Kang J H, Banerjee K and Kis A 2015 Nat. Mater. 14 1195
[29] Schauble K, Zakhidov D, Yalon E, Deshmukh S, Grady R W, Cooley

K A, McClellan C J, Vaziri S, Passarello D, Mohney S E, Toney M F,
Sood A K, Salleo A and Pop E 2020 ACS Nano 14 14798

[30] Leong W S, Luo X, Li Y D, Khoo K H, Quek S Y and Thong J T L
2015 ACS Nano 9 869

[31] English C D, Shine G, Dorgan V E, Saraswat K C and Pop E 2016
Nano Lett. 16 3824

018501-7

http://dx.doi.org/10.1021/acsami.8b11396
http://dx.doi.org/10.1021/acsami.8b11396
http://dx.doi.org/10.1038/nature15387
http://dx.doi.org/10.1002/smll.v12.41
http://dx.doi.org/10.1007/s11432-019-9836-9
http://dx.doi.org/10.1109/TED.16
http://dx.doi.org/10.1109/TED.2021.3059391
http://dx.doi.org/10.1039/D0TC05894G
http://dx.doi.org/10.1021/nn403454e
http://dx.doi.org/10.1021/nn403454e
http://dx.doi.org/10.1021/nl503373x
http://dx.doi.org/10.1021/nl2043612
http://dx.doi.org/10.1002/adfm.v26.35
http://dx.doi.org/10.1021/nl4007479
http://dx.doi.org/10.1021/nl4007479
http://dx.doi.org/10.1038/nnano.2010.279
http://dx.doi.org/10.1038/nnano.2010.279
http://dx.doi.org/10.1063/1.4966283
http://dx.doi.org/10.1063/1.4966283
http://dx.doi.org/10.1021/nn5072073
http://dx.doi.org/10.1038/nmat3545
http://dx.doi.org/10.1038/nmat3545
http://dx.doi.org/10.1039/c2nr31833d
http://dx.doi.org/10.1039/C4NR07284G
http://dx.doi.org/10.1039/C4NR07284G
http://dx.doi.org/10.1021/acsnano.5b01281
http://dx.doi.org/10.1021/acsnano.5b01281
http://dx.doi.org/10.1109/TED.2018.2867337
http://dx.doi.org/10.1109/TED.2018.2867337
http://dx.doi.org/10.1103/PhysRevB.84.155413
http://dx.doi.org/10.1021/nn1003937
http://dx.doi.org/10.1021/nn1003937
http://dx.doi.org/10.1021/acsami.0c22476
http://dx.doi.org/10.1021/acsami.0c22476
http://dx.doi.org/10.1038/s41586-018-0129-8
http://dx.doi.org/10.1021/acs.nanolett.5b00314
http://dx.doi.org/10.1038/nmat4452
http://dx.doi.org/10.1021/acsnano.0c03515
http://dx.doi.org/10.1021/nn506567r
http://dx.doi.org/10.1021/acs.nanolett.6b01309
http://dx.doi.org/10.1021/acs.nanolett.6b01309

	1. Introduction
	2. Device structure and fabrication
	3. Results and discussion
	4. Conclusion
	References

